' INTRODUCTION
TiO 2 hollow spheres have attracted considerable attention because of their low density, high specific surface area, and high mobility, which promise applications in various areas, such as light-trapping, chemical separation, photocatalysis, photovoltaics, and optical devices.
1,2 The methods for TiO 2 hollow sphere preparation have been well developed, such as the spray-drying technique, 3 Ostwald-ripening 4 or analogous hollowing processes induced by F À ions, 5 and templating methods involving hard colloidal spheres 6À10 or soft emulsion droplets. 11À13 Among these, the soft emulsion method offers high versatility. It is often performed at low temperature and no additional effort is necessary for template removal. However, there are only limited successes toward TiO 2 hollow sphere preparation by emulsion templating, 12, 13 owing possibly to the comlexity of soft emulsion system with flexiable shapes for dynamically directing Ti-precursor hydrolysis. Besides, TiO 2 hollow spheres obtained so far by this method are mainly uniform or narrowly distributed in diameter, which would confine their specific properties toward applications. In this paper, we developed a facile emulsion route based on octadecene/formamide for one-pot synthesis of TiO 2 hollow spheres with a wide diameter distribution from nano-to microscale and, in paricular, shells consisting of highly {116} facet-oriented crystallites after heat treatment.
It is noteworthy that hollow spheres with curved surfaces could multireflect incident light by inner walls of shells and thus increase light-harvesting efficiency in photocatalysis or solar cells.
1,14À16 Moreover, hollow spheres with different sizes can respectively respond to light of different wavelengths. 16À18 Hence, TiO 2 hollow spheres prepared with diameters ranging widely from nano-to microscale would have increased reflection in a wide band of incident light, which is beneficial for enhanced light capturing. As a catalyst, the photoelectric activity of TiO 2 depends highly not only on its particle size and shape, but also on crystal facets/planes exposed because different planes may have different surface energies. As documented, TiO 2 facets with higher surface energies are more active in catalytic reactions. Facets with {001} and {110} orientation show better photocatalytic activity than lower surface energy {101} facets. 19À21 Moreover, higher-energy facets present weaker or even negligible signals in XRD patterns because they are ABSTRACT: TiO 2 hollow spheres consisting of highly active {116} plane-oriented crystallites have been synthesized with a wide diameter distribution from 20 nm to over 5 μm via a facile emulsion method. The prepared hollow spheres possess large specific surface area (S BET = 104 m 2 /g) and mesopores (15.7 nm), which could be further modified by Pt doping. The mechanisms for hollow sphere formation and {116} plane orientation are discussed briefly. Moreover, compared with normal TiO 2 hollow spheres, which usually exhibit uniform diameter distributions and no specific plane orientation, the typical TiO 2 hollow spheres with and without Pt doping exhibit good photocatalytic activities for phenol degradation under visible and UV light irradiation. The wide diameter (i.e., curvature) distribution, high specific surface area, conduciveness to forming mesoporous structures, and exposed highenergy surfaces allow good molecular infiltration and adsorption as well as photoelectroactivity and make them attractive for light harvesting. 22 while their corresponding peaks in XRD pattern decrease from 100% to 6%. In the standard XRD pattern of anatase TiO 2 , the diffraction peak of {116} planes has 6% intensity, similar to that of {110} planes. Accordingly, {116} planes should have similar surface energy as {110} planes and theoretically higher photoelectric activity than the other planes mentioned above. Therefore, TiO 2 hollow spheres with wide diameter distribution and highly active {116} plane orientation are expected to be promising candidates for a wide range of applications.
' EXPERIMENTAL SECTION Preparation of TiO 2 Hollow Spheres. In a typical synthesis of TiO 2 hollow spheres, 4.43 mL of formamide containing 0.13 g of sodium dodecyl sulfate and 0.46 mL of octadecene containing 0.142 g titanium butoxide were mixed and sonicated for 1 min and then 2.2 mL of formamide containing 0.03 g of H 2 O was added with stirring. Here formamide and octadecene served as water phase and oil phase, while H 2 O was used for titanium butoxide hydrolysis, respectively. Subsequently, the mixed solution was kept in a water bath at 30°C for 45 min, giving a white supernatant product. The product was collected after centrifugation, washed with water, and then put into an oven at 480°C for 3 h for crystallization.
Pt Doping of TiO 2 Hollow Spheres. A 0.5 g portion of TiO 2 hollow spheres prepared from the emulsion method was dispersed into 10 mL of H 2 PtCl 6 (1 Â 10 À2 M) under stirring for 20 h and then collected after centrifugation and redispersed into 5 mL of H 2 O. Subsequently, 5 mL of 10 mg/L NaBH 4 was added as reductant with stirring, resulting in Pt deposition on TiO 2 hollow spheres. The Pt-doped TiO 2 hollow spheres were washed repeatedly, collected, and dried in an oven at 60°C. The Pt existence was confirmed by XRD and EDX characterizations.
Characterizations. The TiO 2 hollow sphere samples were characterized by scanning electron microscopy (SEM, AMARY 1910, 10 kV), high-resolution transmission electron microscopy (HR-TEM, JEOL 2011, 200 kV) combined with an energy dispersed X-ray analyzer, and powder X-ray diffraction (XRD) using a D/max2550VB3þ/PC X-ray diffractometer with Cu Ka radiation with a 1.5418 Å wavelength. A beam voltage of 40 kV and a 100 mA current beam were used. The BrunauerÀ EmmettÀTeller (BET) specific surface area (S BET ) of the powders was analyzed by nitrogen adsorption in a Tristar 3000 nitrogen adsorption apparatus.
The Photocatalytic Activity Evaluation. The photocatatic activities of TiO 2 hollow spheres without and with Pt doping were evaluated in terms of phenol degradation under ultraviolet (UV) and visible light by using a Xe lamp (254 nm) and UV light filter (wavelength <440 nm was filtered out), respectively. Briefly, 0.02 g of TiO 2 hollow spheres or Pt-doped TiO 2 was dispersed into 30 mL of 2.1 Â 10 À4 M phenol solution. Before irradiation, the suspension was stirred for 30 min to ensure maximal adsorption of phenol molecules on catalysts. Then the suspension was irradiated under light and sampled at a given time interval (10 min for TiO 2 hollow spheres and 1 h for Ptdoped TiO 2 hollow spheres). The specimens were centrifuged and measured by UVÀvis spectrometer (Varian Cary 500) to determine residual phenol.
' RESULTS AND DISCUSSION
Typical TiO 2 hollow spheres synthesized at large scale are presented in Figure 1 . It is shown clearly that as-prepared TiO 2 spheres have smooth surfaces and a wide diameter distribution, estimated to range from 50 nm to over 5 μm ( Figure 1A,B) . The low image contrast and, particularly, some broken spheres with thin shells both display the hollow interior of these TiO 2 spheres. A magnified scanning electron microscopy (SEM) image of a broken TiO 2 hollow sphere with smaller spheres attached to its surface is shown in Figure 1C , showing a thin shell consisting of dense and uniform crystallites. Similar to interfacial reactions in ionic liquids, 11 we also think that the hollow structure of TiO 2 is formed through a mechanism involving a diffusion process of Ti-OR groups from inner core to interfaces of emulsions and then a hydrolysis process on interfaces with trace amounts of water, as illustrated in Figure S1 (Supporting Information). TiO 2 hollow spheres are well-crystallized after annealing, and the crystallites as building units of the smooth shells are estimated to be at nanometer scale, which are evident from the intensified and widened peaks of the X-ray diffraction (XRD) pattern (JCPDS card no. 21-1272; a, b = 3.78 Å; c = 9.51 Å; R = β = γ = 90°) in Figure 1D .
More detailed structural information of TiO 2 hollow spheres is given in Figure 2 . An overviewed TEM image reveals an interior enclosed by a thin shell of TiO 2 ( Figure 2A) . In addition, different diameters of the TiO 2 hollow spheres ranging widely from nano-to microscale are observed (see also Figure S2 , Supporting Information, for statistical analysis of TiO 2 diameter distribution). Furthermore, an individual hollow sphere was selected arbitrarily to give closer characterization (inset of Figure 2B ). An enlarged TEM image in Figure 2B indicates that the shell thickness is only ∼10 nm and consists of large numbers of crystallites (5À10 nm) with lots of intercrystallite nanopores uniformly dispersed (Figure 2B ), revealing a mesoporous structure with a large surface area. The detailed data of average pore diameter and specific surface area (S BET ) of hollow spheres were measured to be 15.7 nm and 104.7 m 2 /g, respectively (Figure 3 ), where specific surface area is higher than that of commercial Degussa P25 (P25) powder (49.5 m 2 /g) and previously reported TiO 2 hollow spheres (56À77 m 2 /g). 5 ,15,23 At a high resolution, Figure 2C ), identifying {101} planes as side faces and {116} planes as top faces (see Supporting Information for calculation). For a more intuitive understanding of {116} orientation, the crystal structure of {116} planes viewed from their normal line, i.e. the [111] direction, is illustrated in Figure 2D . Here, the {116} planes lay horizontally as the top face while two equivalent planes of {101} and {011} stand vertically as the side faces with an angle of 97.8°, which is in accordance with crystal lattice data observed in Figure 2C . The orientation of {116} planes achieved here for the first time is interesting because it was realized by simply annealing amorphous hollow spheres without any additives. The mechanism that favors this crystal plane orientation of crystallites relies possibly on two factors: (1) spatial proximity and (2) energy feasibility. Regarding spatial proximity, the uniform and thin shell thickness (∼10 nm) of shells of amorphous hollow spheres provides confined space for crystal nucleus partners to recognize each other during the annealing and crystallization process, which avoids the adversity of long-distance diffusion of solid reactions and enables free rotation and recognization through {101} planes of the crystallites to form {116} plane orientation. Considering energy feasibility, although {116} planes of TiO 2 crystallites are relatively unstable and active in energy, the intercrystallite recognition or aggregation of crystallites along energy-stable {101} planes is thermodynamically favorable, which directs the general crystallization processes to proceed in an energy-minimizing pathway under this condition.
The TiO 2 hollow spheres were further modified with Pt doping. As shown in Figure 4A , the XRD pattern of TiO 2 hollow spheres after Pt doping displays a set of sharp and widened peaks, in addition to those of anatase TiO 2 , which can be assigned to the cubic structure of Pt (JCPDS card no. 04-0802), indicating that the TiO 2 shells were successfully decorated with well-crystallized Pt nanoparticles. The Pt existence in TiO 2 hollow sphere sample was also evidenced by the EDX pattern showed in Figure 4 B. From TEM images in Figure 4 C,D, it can be seen that Pt nanoparticles (in black contrast) have an average size of 2À3 nm and disperse discretely on TiO 2 shell. A Pt nanoparticle (in red circle) shows a set of lattice frings with d-spacing equivalent to 0.196 nm, corresponding to {200} planes, confirming a pure platinum phase of the nanoparticles. In addition, the {116} plane orientation was found to be still preserved for TiO 2 crystallites after Pt doping, which is highlightened by the yellow circles in Figure 4D . The Journal of Physical Chemistry C ARTICLE The as-synthesized TiO 2 hollow spheres with the specific characteristics of wide size distribution and oriented {116} planes were further applied to the photocatalytic reaction of phenol degradation. Phenol degradation was used as a model process to investigate the effect of diameter distribution and plane orientation on the photocatalytic activity of TiO 2 hollow spheres. The hollow spheres with the above-described synthesis were compared with hollow spheres (see Supporting Information) that exhibited a narrow diameter distribution centered at 450 nm and no preferred crystallographic orientation (Supporting Information, Figure S4 ). It was found that under UV light irradiation, phenol with a concentration of 2.1 Â 10 À4 M was degraded completely within 30 min in the presence of 0.66 mg/L typical TiO 2 hollow spheres ( Figure 5 ) and around 50 min for normal TiO 2 hollow spheres with uniform diameter at the same concentration (Supporting Information, Figure S5 ). The photocatalytic activity is almost twice of the size distributed TiO 2 hollow spheres compared with 450 nm hollow spheres. Photocatalysis of phenol degradation in the presence of Pt-doped TiO 2 hollow spheres was also conducted, as illustrated in Figure 6 . Under visible light, phenol of same concentration (2 Â 10 À4 M) could be degraded completely within 5 h. Both types of TiO 2 hollow spheres with and without Pt doping exhibit good photocatalytic activities. Considering direct light scattering by big hollow spheres with sizes over 5 μm, which will decrease efficient light harvesting of the catalyst, the photocatalytical performance could possibly be further improved by simply filtering big hollow spheres out. It is noteworthy that the maximum adsorption capacity of phenol on size-distributed TiO 2 hollow spheres was examined to be 1.8 mg/ L (Supporting Information, Figure S6 ), indicating a poor static adsorption ability of the pure TiO 2 hollow spheres, though having a large surface area. However, the static adsorption capacity is not a key factor to determine the dynamic process of photocatalysis. For this phenol photodegradation, the dynamic diffusion and adsorption and desorption of phenol molecules, as well as highly active TiO 2 {116} planes, may play more key roles than the static adsorption in the catalytic reactions proceeding, which contributed to the good performance.
' CONCLUSION
In conclusion, TiO 2 hollow spheres with wide diameter distribution have been prepared via a facile emulsion method. Moreover, the as-prepared hollow spheres have highly uniform shells, possess large specific surface area (S BET = 104 m 2 /g), mesopores (15.7 nm), and especially highly active {116} planeoriented crystallites. These are advantageous to related photoelectric applications due to advantages in light-harvesting and molecule adsorption and transport, as well as large and active surface area. The TiO 2 hollow spheres with and without Pt doping exhibit good photocatalytic activities for phenol degradation under visible and UV light irradiation, respectively. It can be expected that the hollow spheres will also be employed in other applications, such as sensors, photoelectric devices, and photovoltaic cells, leading to improved performance. 
